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Various abiotic and biotic factors determine the natural ﬂuctuations of Daphnia spec. populations; food
quality and dissolved humic substances (HSs) being among these factors. In this contribution, we try to
disentangle the relative impact of food quality and simultaneous HSs exposure on the fertility and
longevity of D. magna. It is understood that HS-mediated stress leads to reduced fecundity in well-fed
D. magna females; hence, it was expected that poor food, as a second stressor, would aggravate the HS-
mediated effects. Three diets were tested: the green algae Pseudokirchneriella subcapitata, baker’s yeast
alone, and baker’s yeast plus dissolved ascorbic acid, and exposed D. magna to a HS preparation which
has been shown effective in previous bioassays. It was hypothesized that the lifespan and fertility of
D. magna would be best when fed green algae, and worst when fed only baker’s yeast. However,
contrary to these expectations, any addition of HSs reduced the stress caused by poor food quality and
increased lifespan and fecundity. In the yeast series, asexually produced diapausing eggs occurred via a
so far unknown pathway. With yeast diet, the expanded lifespans were slightly above, whereas the
increased offspring numbers lay below, the corresponding data of the algae-fed individuals. The
potential of HSs as an additional food source and as a means to extend the lifespan is discussed. These
ﬁndings open the innovative perspective that under low quality food conditions, additional stressors at
certain intensities may even be beneﬁcial to individuals and populations.
& 2009 Elsevier GmbH. All rights reserved.Introduction
Many abiotic and biotic factors determine the natural ﬂuctua-
tions of zooplankton population densities in general, and Daphnia
in particular: climatic parameters, such as temperature and light
(Berberovic et al. 1990; Straile and Geller 1998; Alekseev and
Lajus 2009), pH, oxygen conditions, and other water quality
parameters (Krause-Dellin and Steinberg 1986), quantitative and
qualitative food conditions (Geller 1975; Moore 1980; Rohrlack
et al. 1999), essential nutritional elements and compounds
(e.g., Mu¨ller-Navarra 1995; Martin-Creuzburg et al. 2006, 2008),
as well as predation by ﬁsh or invertebrates (e.g., Vanni 1986;
Lampert 1993). Even these factors create a complex tangle of
inﬂuences (Gyllstro¨m and Hansson 2004); yet, the situation
becomes even more complex, since one ecological parameter
has not yet been considered as a stressor in depth: dissolved
organic carbon, DOC (Steinberg et al. 2006, 2008). In non-
eutrophicated freshwater systems, the DOC content exceeds the
organic carbon in all organisms by approximately one order ofH. All rights reserved.
x: +49 30 6369 446.
C.E.W. Steinberg).magnitude (Wetzel 2001; Steinberg 2003), and its majority is
comprised of dissolved humic substances, ‘‘HSs’’, (Thurman 1985).
Freshwater organisms are intimately exposed to concentrations
between o0.1 and 410 mmol l1 HSs (Steinberg et al. 2008).
The presence of various different functional groups enables
HSs to interact with organisms even on the subcellular, biochem-
ical and molecular biological level; consequently, they have the
potential to act as natural chemical stressors (Steinberg et al.
2003). Internalized HSs lead to the activation of oxygen as one
major response pathway (Timofeyev et al. 2006; Meinelt et al.
2008) and induce anti-stress reactions which are energy consum-
ing and may be embryotoxic or even lethal (Steinberg 2003;
Cazenave et al. 2006; McMaster and Bond 2008). As with many
other stresses, the HS-mediated stress may also be overcome, at
least partly, if the diet of the exposed animals contains
spontaneous antioxidants, such as ascorbic acid. There are
indications that different diets have a signiﬁcant impact on the
antioxidant response of aquatic invertebrates (Elser et al. 2000;
Jensen and Hessen 2007; Timofeyev et al. 2009), particularly
excess of carbon leads to oxidative stress (Darchambeau et al.
2003).
On the other hand, HSs may serve as an indirect or even direct
food and energy source (Gellis and Clarke 1935; Haney 1973;
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shortages of other food sources. Furthermore, HSs have the
potential to expand the lifespan of exposed individuals, as shown
so far with the nematode, Caenorhabditis elegans Maupas, and the
water ﬂeas, Daphnia magna Straus (Steinberg et al. 2007; Euent
et al. 2008) and Moina macrocopa Straus (Suhett et al., unpub-
lished data). With the ﬁrst water ﬂea species, life extension was
gender-speciﬁc: the lifespan of males increase, whereas females
had a reduced lifespan and fecundity (Euent et al. 2008).
To disentangle and assess the relative impact of two co-
occurring environmental factors on the fertility and longevity of
D. magna, food quality and HSs exposure was tested and it was
assumed that HSs may serve as a food and energy source best
under poor food conditions. It was presumed that any stressor
alone would reduce both the fertility and longevity of D. magna.
Consequently, and according to the aforementioned ﬁndings
about HSs as natural chemical stressors, it was hypothesized that
a second stressor, such as poor food quality, aggravates the effects
of the ﬁrst one, for instance HSs. Consequently, it was thus
expected that the lifespan and fertility of D. magna were best
when fed P. subcapitata, and worst when fed only baker’s yeast,
and intermediate when fed baker’s yeast amended with dissolved
ascorbic acid.Material and methods
D. magna clone
The applied clone of D. magna was obtained from the German
Federal Environment Agency, at that time in Berlin. D. magna was
cultured in ADaM artiﬁcial Daphnia medium (Klu¨ttgen et al.
1994), yet with a 10-times higher bicarbonate content for 5
generations prior to exposure. The increased bicarbonate content
was applied to buffer against acidiﬁcation by ascorbic acid
addition in one treatment.
Feeding scenarios
Daphnia magna was fed with three different diets.(1) The green alga, Pseudokirchneriella subcapitata (Korsˇikov)
Hinda´k, with an average diameter of 3.85 mm (measured by
Cell Analyser System, CASY, Scha¨rfesystem, Reutlingen,
Deutschland), was used as food, since this species has proven
to be a high quality food with several cladoceran species
(Mun˜oz Mejı´a and Martı´nez Jero´nimo 2007) and rich in
ascorbic acid. P. subcapitata Strain NIVA-CHL 1 was obtained
from the Culture Collection of Algae (SAG) at the University of
Go¨ttingen, Germany. It was pre-cultivated in freshwater
medium FW04-medium (Nicklisch et al. 2008). The algae
were grown in batch cultures under permanent light at
21+1 1C with approximately 40 mmol photons m2 s1.
Puriﬁed air was pumped through the culture, and the algae
were harvested during logarithmic growth. The algae were
grown axenically in order to avoid any microbial contamina-
tion. The animals were fed once a day ad libitum indicated by
suspended algae after one day of exposure.(2)1 The use of HuminFeeds is by no means an advertisement for this product.
For more information of this commercial product, the reader is referred to http://
www.humintech.com/001/animalfeeds/products/huminfeed.html, accessed July,
2009.Commercial baker’s yeast, Saccharomyces cerevisiae, Meyen ex
E.C. Hansen, 1883, was kept in the refrigerator and then
dissolved in small portions in Daphnia medium prior to
feeding. This diet is considered sub-optimal (Goulden et al.
1982). This is mainly due to (i) the resistance of yeast’s cell
wall to digestion, so the manno-protein layer that surrounds
the yeast cell can obviously not be digested by Daphnia and(ii) the deﬁciency of yeast cells in unsaturated fatty acids,
both PUFA and MUFA (Coutteau et al. 1990, 1992). The
animals were fed once a day ad libitum, indicated by small
amounts of suspended yeast cells after one day of exposure.(3) To overcome a potential deﬁcit of spontaneous antioxidants in
the second diet, the dispersed commercial baker’s yeast was
amended with 2 mg l1 dissolved ascorbic acid, which was
obtained from Sigma–Aldrich, Germany.Humic material and exposure scenarios
In order to evaluate a potential HS-mediated lifespan modula-
tion, the same HS preparation, HuminFeeds, was applied as with
C. elegans (Steinberg et al. 2007), the previous series of D. magna
(Euent et al. 2008), and the water mould (Meinelt et al. 2007).
HuminFeeds1 is a processed leonardite, which contains 43%
organic carbon, has a speciﬁc UV absorption of 12.5 l mg1 m1,
and consists of 82% humic substances, 18% low-molecular weight
compounds, and 0% polysaccharides (Meinelt et al. 2007).
HuminFeeds was exposed at 0.04 and 0.9 mmol l1 DOC; both
concentrations are environmentally realistic, since D. magna is
common in ponds, including even stabilization ponds of simple
sewage treatment systems.
All exposures were run in 10 parallels with 5 newborn (r24 h
old) female individuals each in 100 mL beakers. The animals were
kept in permanent light at 21+1 1C to compare the results with
the previous study of Euent et al. (2008). The exposed animals
were checked daily for dead individuals and their offspring were
counted every second day. The exposed animals were placed into
freshly prepared dissolved HuminFeeds solutions every second
day and the offspring were removed. If applicable, ephippia were
also counted.
Data interpretation and statistical analysis
Maximum lifespan were assessed for each condition. Altera-
tions in lifespan values of treated versus untreated D. magna were
speciﬁed in percentage. Statistical signiﬁcance of variances of the
entire lifespan was calculated by means of the log-rank test
(Bioinformatics at the Walter and Eliza Hall Institute of Medical
Research; http://bioinf.wehi.edu.au/software/russell/logrank/).
Mean values were calculated for reproduction; statistical
signiﬁcance was evaluated by one-way ANOVA (Sigma Stat 3.5,
SPSS Inc., USA). Variations were calculated as standard error of the
mean. Variances were considered signiﬁcant at po0.05 (indicated
by *) and highly signiﬁcant at po0.001 (indicated by **).Results
When fed P. subcapitata, exposure to HSs led to no signiﬁcant
lifespan modulation in D. magna (Fig. 1A, Table 1). There was,
however, a trend in decreasing lifespan in the second part of the
life of the individuals at the higher HS-concentration (Fig. 1A). In
contrast to the lifespan, the mean cumulative offspring numbers
per HS-exposed female were lowered in a concentration
dependent manner (Fig. 1B). Maximal lifespan values are given
in Table 1. No ephippia were produced with this diet.
If D. magna fed with baker’s yeast were exposed to HSs, the
lower HS-concentration tended to increase, and the higher
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Fig. 1. Humic substance-modulated lifespan (A, C) and fertility (B, D) of D. magna when fed green alga, Pseudokirchneriella subcapitata (A, B) and yeast (C, D), respectively.
*po0.05; **po0.001.
Table 1
Maximal lifespan and mean cumulative offspring number per Daphnia magna female fed different diets and exposed to dissolved HuminFeed.
Trial Maximal lifespan Mean cumulative offspring number per female
d % p n p
P. subcapitata control 131 100 568.84
P. subcapitata +0.04 mmol l1 DOC 146 111.45 0.483 523.35 o0.001
P. subcapitata +0.9 mmol l1 DOC 133 101.53 0.589 450.26 o0.001
S. cerevisiae control 133 100 242.15
S. cerevisiae +0.04 mmol l1 DOC 141 106.02 0.239 282.66 o0.05
S. cerevisiae +0.9 mmol l1 DOC 140 105.26 o0.05 308.58 o0.001
S. cerevisiae +ascorbic acid control 119 100 267.40
S. cerevisiae +ascorbic acid +0.9 mmol l1 DOC 142 119.33 o0.001 317.69 o0.05
The treatment S. cerevisiae+ascorbic acid+0.04 mmol l1 DOC was terminated after four weeks, since the animals fell sick and became pink and transparent
Fig. 2. Comparison of numbers of ephippia and neonates during the period of
ephippia formation in D. magna females when fed baker’s yeast, Saccharomyces
cerevisiae, and stressed by HuminFeed. Errors are calculated as standard error of
the mean. White: neonates; grey: ephippia.
Fig. 3. Micrograph of two asexually produced ephippia with two eggs each. It is
uncertain whether or not these eggs develop viable embryos.
R. Bouchnak, C.E.W. Steinberg / Limnologica 40 (2010) 86–9188HS-concentration signiﬁcantly expanded the maximal lifespan of
the individuals (Fig. 1C, Table 1), both exceeding the values of
P. subcapitata fed control series. In addition to this, the cumulative
offspring numbers were also elevated if HSs were constituents of
the medium (Fig. 1D). Yet, the absolute offspring numbers only
reached approximately 50% of the corresponding data of the green
algae-fed animals. The body lengths of the yeast-fed females and
their neonates were obviously smaller than the algae-fed ones, as
evidenced by inspection during handling. Yet to minimize the
handling stress of the delicate organisms, the body lengths were
not determined microscopically Fig. 2.
In this treatment, D. magna started to produce diapausing eggs
after day 15 without fertilization by males, because males never
occurred throughout the entire experiment. Many of the ephippia
contained two diapausing eggs (Fig. 3), so that the wellunderstood life cycle of D. magna should be supplemented as
sketched in Fig. 4. Without HS-exposure, approximately 3.0
ephippia per female were formed. In an almost concentration
dependent manner, added HSs reduced the ephippia numbers to
2.5 at 0.9 mmol l1 DOC exposure, and prolonged the period of
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Fig. 4. Sketch of the life cycle of Daphnia magna in yeast-fed individuals, including the asexual production of diapausing eggs. The ﬁgure is based on Mort (1991).
R. Bouchnak, C.E.W. Steinberg / Limnologica 40 (2010) 86–91 89their formation from 40 to 75 d (0.9 mmol l1 DOC). The numbers
of ephippia were low compared to the neonates released in the
same period (Fig. 2).
The results with a baker’s yeast diet amended with ascorbic
acid did not signiﬁcantly differ from the pure baker’s yeast diet,
and are therefore not displayed.Discussion
In nature, food quality and quantity change temporally and
force consumers into trade-offs during resource allocation for
reproduction or their own maintenance (Wacker and Martin-
Creuzburg 2007), whereby the latter includes both body growth
and longevity (Kirkwood 1977). Very recent results from a parallel
study show that poor food quality is really a biochemical stressor:
baker’s yeast led to reduced antioxidant capacities, which is an
oxidative stress symptom (Steinberg et al. unpublished). In the
present experiment, the poor food quality led to the asexual
formation of diapausing eggs by an unknown mechanism. In the
feeding scenarios with baker’s yeast, ephippia were produced
without males. Several ephippia were checked and all of them
contained two eggs (Fig. 3). This ﬁnding agrees well with the
statement of Hebert et al. (1989) that some genotypes produce
asexual resting eggs that develop without fertilization by males.
Obligate parthenogenesis has been documented in the D. pulex
complex (in North America) and in the D. carinata complex
(in Australia) (John K. Colbourne pers. comm.). There is only one
classical report on the asexual production of diapausing eggs
speciﬁcally in D. magna on Spitsbergen by Vollmer (1960). It is
likely that a chemical stimulus induces the asexual production of
diapausing eggs (Fig. 4). Although these eggs look similar to the
sexually produced diapausing eggs, the molecular proof, whether
or not the asexual diapausing eggs are diploid, is not yet available
and is reserved to a future study.
In addition to the stress by poor food quality, dissolved HSs,
being the majority of dead and living organic carbon in the water
column (Thurman 1985; Wetzel 2001; Steinberg 2003), impact
exposed organisms on various biochemical and molecular
biological levels. The HS-mediated effects are energy consuming
(Cazenave et al. 2006), which is stress by deﬁnition (Fent 2003).These results show that both stressors have a clear impact on the
longevity and fecundity of D. magna. In algae-fed individuals, HS-
mediated stress leads to reduced fecundity in D. magna females.
This ﬁnding agrees with the previous Daphnia study by Euent
et al. (2008), in which the fecundity was adversely affected. In
contrast to the previous study, this experiment did not reveal a
lifespan reduction, which is most likely due to the decreased
individual density in this approach. It is interesting to note that
during the present assay at 0.9 mmol l1 DOC exposure, the ﬁrst
50% of Daphnia individuals showed an increased lifespan, whereas
the second 50% showed a reduced one, with the result that the
whole lifespan did not statistically differ from the control
(Fig. 1A).
The main outcome of both Daphnia series is that, under
optimal food conditions, the effect of HSs on female Daphnia is
adverse and eventually toxic: with increasing HSs concentrations
the offspring numbers decrease. The underlying mechanism may
be that great portions of available energy are abstracted from both
catabolism and reproduction in order to activate oxygen,
metabolize and/or export internalized HSs, and repair oxidative
stress-mediated damages to the macromolecules. This assump-
tion corresponds well with ﬁndings by Cazenave et al. (2006),
who report on retarded developments, embryotoxicity, and
lethality in HS-exposed zebraﬁsh embryos. A report on the
European mud snail, Lymnaea stagnalis L., also supports this
assumption (Steinberg 2003). This snail was exposed to relatively
low concentrations of HSs which were exotic to it. 10–20% of the
individuals died when exposed to the bioavailable HS-fractions.
From all these facts, it becomes obvious that internalized HSs
clearly induce stress in animals.
The present study shows, however, that combined with a
second stressor, such as poor food quality, HS-mediated responses
do not necessarily act adversely or aggravate the adverse effects
of the ﬁrst stress in exposed D. magna individuals. For instance,
when fed baker’s yeast, both the lifespan of the females (Fig. 1C)
and numbers of neonates per female (Fig. 1D) increased.
Concomitantly, the numbers of ephippia per female decreased
with increasing HS-exposure, which indicates a concentration-
dependent reduction of stress strength. The situation is similar if
the yeast diet is amended with dissolved ascorbic acid in the
medium (not displayed). One likely explanation is that the
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therefore not internalized.
There are two potential lines of explanation for the results
presented.1. HSs may be directly utilized as a food source and partly
compensate for the poor diet quality.2. HSs directly induce longevity in exposed individuals.HSs as a food source
When D. magna were fed baker’s yeast, any addition of
dissolved HSs increased longevity in both assays (Fig. 1C and
not displayed); in the pure yeast diet, the fecundity also increased
at HSs exposure (Fig. 1D). Since, by deﬁnition, dissolved HSs also
include colloidal and ﬁne-particulate organic carbon, the nutri-
tional utilization of this carbon source has to be considered.
Indeed, there is increasing evidence that this carbon fraction is
directly available to ﬁlter feeding zooplankton (Gellis and Clarke
1935; Haney 1973; Salonen and Hammar 1986; Hessen et al.
1990; Jones et al. 1998). More recently, stable isotope analyses
have proven that allochthonous material of terrestrial origin can
contribute signiﬁcantly to zooplankton biomass (Grey et al. 2001;
Pace et al. 2004; Taipale et al. 2009). These papers support the
idea of ﬁne-particulate and colloidal HSs as a food source for the
exposed yeast-fed D. magna. This line of evidence, however, can
only explain parts of the ﬁnding, since it does not explain why a
poor diet plus HSs expanded the lifespan of D. magna, while a rich
one plus HSs did not. None of the aforementioned papers
considers HSs to interact directly on the biochemical and
molecular biological level in the animals themselves. In fact,
these interactions take place and may even extend lifespan, as
recently evidenced with C. elegans (Steinberg et al. 2007).
HSs and longevity
The results of the present study show that any HS-addition to
poor diets increases the Darwinian ﬁtness, as indicated by lifespan
and offspring numbers. Nevertheless, the Daphnia individuals
suffered from stress, which was indicated by the formation of
ephippia. Signals known to induce the formation of resting eggs
include food limitation, low temperatures, short photoperiod
(Hobæk and Larsson 1990), chemical cues emitted by predators
(S´lusarczyk 1995), and the concerted action of light and chemical
cues (S´lusarczyk et al. 2005) – and one has to add: natural
environmental chemicals, such as HSs.
From one major theory of aging, the disposable soma theory
(Kirkwood 1977), it is understood that, simpliﬁed, an individual
has the choice to spend a given amount of energy in its own
maintenance, reproduction or longevity. The molecular basis of
this aging theory is identical to the green theory of aging and is
nicely summarized and graphed by Gems and McElwee (2003). A
large set of genes has been identiﬁed whose activity is linked to
longevity or aging (Murphy et al. 2003). One major gerontogene is
daf-16, which encodes the transcription factor DAF-16, a powerful
regulator of lifespan. If DAF-16 is blocked, the particular pathway
applies which is triggered by the insulin-like growth factor 1 (IGF)
and the adult lifespan will be reduced as shown in a variety of
animals (Gems and McElwee 2003, with further references).
If the IGF pathway, however, is blocked, the organisms extend
their lifespan. This has also been demonstrated experimentally
with one planktonic species. Applying wortmannin, a speciﬁc
inhibitor in the IGF pathway, to the rotifer, Brachionus plicatilisO.F. Mu¨ller, Yoshinaga et al. (2005) show that the blockage
signiﬁcantly prolongs the post-reproductive phase. Similar results
have recently been obtained with M. macrocopa (Richter and
Steinberg unpublished). It is understood from previous studies
with HSs that it may also increase lifespan (Steinberg et al. 2007;
Euent et al. 2008). One potential mechanism is the blockage of the
IGF pathway by the low-molecular weight HS-compounds in
analogy to wortmannin. With an optimal diet, such as the green
algal food, this potential blockage by HSs is masked or overruled.
Yet, with the poor yeast diets, the IGF pathway does not prevail,
instead HSs have the chance to interfere within the IGF pathway
and daf-16 is no longer blocked and may, in turn, initiate the
observed lifespan extensions via DAF-16.
Comparing the results within the series of the yeast diet, it
becomes obvious that the lifespan extension happens in concert
with, instead of at the expense of, increased numbers of offspring.
Yet, even this fact agrees well with the aforementioned disposable
soma theory, if it is also taken into account that both mothers and
neonates are smaller-bodied than the optimally fed ones were.
This means that, on yeast diets, relatively less energy is spent on
maintenance than on reproduction and longevity compared to the
optimal diet. This fact has been well understood for a long time
(Glazier 1992).
The results presented of the simultaneous action of two
different stressors show that two potential adverse stressors do
not necessarily mutually amplify each other and may open new
perspectives to zooplankton ecology. It is obvious that stressors,
such as low food quality, even act, in concert with the
biogeochemical matrix, beneﬁcially on the Darwinian ﬁtness of
individuals with as yet not understood feedback on higher levels,
such as populations and communities.Acknowledgment
The Syrian state’s scholarship to R.B. is gratefully acknowl-
edged as well as the fruitful discussions in the laboratory of
Freshwater and Stress Ecology. Particular thanks are due to two
anonymous reviewers for very supportive comments and to Philip
Saunders for the language check.
References
Alekseev, V.R., Lajus, D.L., 2009. Maternal and direct effects of natural-like changes
of photoperiod and food condition manipulation on life history parameters in
Daphnia. Aquat. Ecol.10.1007/s10452-008-9168-9.
Berberovic, R., Bikar, K., Geller, W., 1990. Seasonal variability of the embryonic
development time of three planktonic crustaceans: dependence on tempera-
ture, adult size, and egg weight. Hydrobiologia 203, 127–136.
Cazenave, J., de los A´ngeles Bistoni, M., Zwirnmann, E., Wunderlin, D.A., Wiegand,
C., 2006. Attenuating effects of natural organic matter on microcystin toxicity
in zebra ﬁsh (Danio rerio) embryos–beneﬁts and costs of microcystin
detoxication. Environ. Toxicol. 21, 22–32.
Coutteau, P., Brendonck, L., Lavens, L., Sorgeloos, P., 1992. The use of manipulated
baker’s yeast as an algal substitute for the laboratory culture of Anostraca.
Hydrobiologia 234, 25–32.
Coutteau, P., Lavens, P., Sorgeloos, P., 1990. Baker’s yeast as a potentional
substitute for live algae in aquaculture diets: Artemia as a case study. J. World
Aquat. Soc. 21, 1–9.
Darchambeau, F., Færøvig, P.J., Hessen, D.O., 2003. How Daphnia copes with excess
carbon in its food. Oecologia 136, 336–346.
Elser, J.J., Fagan, W.F., Denno, R.F., Dobberfuhl, D.R., Folarin, A., Huberty, A.N.,
Interlandi, S., Kilham, S.S., McCauleyk, E., Schulz, K.L., Siemann, E.H., Sterner,
R.W., 2000. Nutritional constraints in terrestrial and freshwater foodwebs.
Nature 408, 578–580.
Euent, S., Menzel, R., Steinberg, C.E.W., 2008. Gender-speciﬁc lifespan modulation
in Daphnia magna by dissolved humic substances preparation. Ann. Environ.
Sci. 2, 7–10.
Fent, K., 2003. O¨kotoxikologie, Umweltchemie, Toxikologie, O¨kologie 2nd ed.
Thieme, Stuttgart.
Geller, W., 1975. Die Nahrungsaufnahme von Daphnia pulex in Abha¨ngigkeit von
der Futterkonzentration, der Temperatur, der Ko¨rpergro¨ße und dem Hunger-
zustand der Tiere. Arch. Hydrobiol. 48 (suppl.), 47–107.
ARTICLE IN PRESS
R. Bouchnak, C.E.W. Steinberg / Limnologica 40 (2010) 86–91 91Gellis, S.S., Clarke, G.L., 1935. Organic matter in dissolved and colloidal form as
food for Daphnia magna. Physiol. Zool. 8, 127–137.
Gems, D., McElwee, J.J., 2003. Microarraying mortality. Nature 424, 259–261.
Glazier, D.S., 1992. Effects of food, genotype, and maternal size and age on
offspring investment in Daphnia magna. Ecology 73, 910–926.
Goulden, C.E., Comotto, R.M., Hendrickson Jr, J.A., Hornig, L.L., Johnson, K.J., 1982.
Procedures and recommendation for the culture and use of Daphnia in
bioassay studies. In: Pearson, J.G., Foster, R.B., Bishop, W.E. (Eds.), Aquatic
Toxicology and Hazard Assessment: Fifth Conference Am. Soc. Testing
Materials, Philadelphia, pp. 139–160.
Grey, J., Jones, R.I., Sleep, D., 2001. Seasonal changes in the importance of the
source of organic matter to the diet of zooplankton in Loch Ness, as indicated
by stable isotope analysis. Limnol. Oceanogr. 46, 505–513.
Gyllstro¨m, M., Hansson, L.A., 2004. Dormancy in freshwater zooplankton:
induction, termination and the importance of benthic-pelagic coupling. Aquat.
Sci. 66, 274–295.
Haney, J.F., 1973. An in situ examination of the grazing activities of natural
zooplankton communities. Arch. Hydrobiol. 72, 87–132.
Hebert, P.D.N, Beaton, M.J., Schwartz, S.S., Stanton, D.J., 1989. Polyphyletic origins
of asexuality in Daphnia pulex. I. Breeding-system variation and levels of clonal
diversity. Evolution 43, 1004–1015.
Hessen, D.O., Andersen, T., Lyche, A., 1990. Carbon metabolism in a humic lake:
pool sizes and cycling through zooplankton. Limnol. Oceanogr. 35, 84–99.
Hobæk, A., Larsson, P., 1990. Sex determination in Daphnia magna. Ecology 71,
2255–2268.
Jensen, T.C., Hessen, D.O., 2007. Does excess dietary carbon affect respiration of
Daphnia? Oecologia 152, 191–200.
Jones, R.I., Gey, K., Sleep, D., Quarmly, C., 1998. An assessment, using stable
isotopes, of the importance of allochthonous organic carbon sources to the
pelagic food web in Loch Ness. Proc. R. Soc. London B 265, 105–111.
Kirkwood, T.B., 1977. Evolution of ageing. Nature 270, 301–304.
Klu¨ttgen, B., Du¨lmer, U., Engels, M., Ratte, H., 1994. ADaM, an artiﬁcial freshwater
for the culture of zooplankton. Water Res. 28, 743–746.
Krause-Dellin, D., Steinberg, C., 1986. Cladoceran remains as indicators of lake
acidiﬁcation. Hydrobiologia 143, 129–134.
Lampert, W., 1993. Ultimate causes of diel vertical migration of zooplankton: new
evidence for the predator-avoidance hypothesis. Ergeb. Limnol. 39, 79–88.
Martin-Creuzburg, D., Bec, A., von Elert, E., 2006. Supplementation with sterols
improves food quality of a ciliate for Daphnia magna. Protist 157, 477–486.
Martin-Creuzburg, D., von Elert, E., Hoffmann, K.H., 2008. Nutritional constraints at
the cyanobacteria-Daphnia magna interface: the role of sterols. Limnol.
Oceanogr. 53, 456–468.
McMaster, D., Bond, N., 2008. A ﬁeld and experimental study on the tolerance of
ﬁsh to Eucalyptus camaldulensis leachate and low dissolved oxygen concentra-
tion. Mar. Freshwater Res. 59, 177–185.
Meinelt, T., Phan, T.M., Zwirnmann, E., Kru¨ger, A., Paul, A., Wienke, A., Steinberg,
C.E.W., 2007. Reduction in vegetative growth of the water mold Saprolegnia
parasitica (Coker) by humic substances of different origin. Aquat. Toxicol. 83,
93–103.
Meinelt, T., Schreckenbach, K., Pietrock, M., Heidrich, S., Steinberg, C.E.W., 2008.
Humic substances (review series). Part 1. Dissolved humic substances (HS) in
aquaculture and ornamental ﬁsh breeding. Environ. Sci. Poll. Res. 15, 17–22.
Moore, J.W., 1980. Zooplankton, and related phytoplankton cycles, in a eutrophic
lake. Hydrobiologia 74, 99–104.
Mort, M.A., 1991. Bridging the gap between ecology and genetics: the case of
freshwater zooplankton. Trends Ecol. Evol. 6, 41–45.
Mu¨ller-Navarra, D., 1995. Evidence that a highly unsaturated fatty acid limit
Daphnia growth in nature. Arch. Hydrobiol. 132, 297–307.
Mun˜oz-Mejı´a, G., Martı´nez-Jero´nimo, F., 2007. Impact of algae and their
concentrations on the reproduction and longevity of cladocerans. Ann. Limnol.
43, 167–177.Murphy, C.T., McCarroll, S.A., Bargmann, C.I., Fraser, A., Kamath, R.S., Ahringer, J., Li,
H., Kenyon, C., 2003. Genes that act downstream of DAF-16 to inﬂuence the
lifespan of Caenorhabditis elegans. Nature 424, 277–284.
Nicklisch, A., Shatwell, T., Ko¨hler, J., 2008. Analysis and modelling of the interactive
effects of temperature and light on phytoplankton growth and relevance for
the spring bloom. J. Plankton Res. 30, 75–91.
Pace, M.L., Cole, J.J., Carpenter, S.R., Kitchell, J.F., Hodson, J.R., van de Bogert, M.C.,
Bade, D.L., Kritzberg, S.E., Bastviken, D., 2004. Whole-lake carbon-13 additions
reveal terrestrial support of aquatic food webs. Nature 427, 240–243.
Rohrlack, T., Dittmann, E., Henning, M., Bo¨rner, T., Kohl, J.-G., 1999. Role of
microcystins in poisoning and food ingestion inhibition of Daphnia galeata
caused by the cyanobacteriumMicrocystis aeruginosa. Appl. Environ. Microbiol.
65, 737–739.
Salonen, K., Hammar, T., 1986. On the importance of dissolved organic matter in
the nutrition of zooplankton in some lake waters. Oecologia 8, 246–253.
S´lusarczyk, M., 1995. Predator-induced diapause in Daphnia. Ecology 76, 1008–1013.
S´lusarczyk, M., Dawidowicz, P., Rygielska, E., 2005. Hide, rest or die: a light-
mediated diapause response in Daphnia magna to the threat of ﬁsh predation.
Freshwater Biol. 50, 141–146.
Steinberg, C.E.W., 2003. Ecology of Humic Substances in Freshwaters, Determi-
nants from Geochemistry to Ecological Niches. Springer, Berlin.
Steinberg, C.E.W., Paul, A., Pﬂugmacher, S., Meinelt, T., Klo¨cking, R., Wiegand, C.,
2003. Pure humic substances have the potential to act as xenobiotic chemicals
– a review. Fresenius Environ. Bull. 12, 391–401.
Steinberg, C.E.W., Kamara, S., Prokhotskaya, V, Yu, Manusadzˇianas, L., Karasyova,
T., Timofeyev, M.A., Zhang, J., Paul, A., Meinelt, T., Farjalla, V.F., Matsuo, A.Y.O.,
Burnison, B.K., Menzel, R., 2006. Dissolved humic substances – ecological
driving forces from the individual to the ecosystem level? Freshwater Biol. 51,
1189–1210.
Steinberg, C.E.W., Saul, N., Pietsch, K., Meinelt, T., Rienau, S., Menzel, R., 2007.
Dissolved humic substances facilitate ﬁsh life in extreme aquatic environ-
ments and have the potential to extend lifespan of Caenorhabditis elegans. Ann.
Environ. Sci. 1, 81–90.
Steinberg, C.E.W., Meinelt, T., Timofeyev, M.A., Bittner, M., Menzel, R., 2008. Humic
substances (review series). Part 2. Interactions with organisms. Environ. Sci.
Poll. Res. 15, 128–135.
Straile, D., Geller, W., 1998. The response of Daphnia to changes in trophic status
and weather patterns: a case study from Lake Constance. ICES J. Mar. Sci. 55,
775–782.
Taipale, S., Kankaala, P., Ha¨ma¨la¨inen, H., Jones, R.I., 2009. Seasonal shifts in the diet
of lake zooplankton revealed by phospholipid fatty acid analysis. Freshwater
Biol. 54, 90–104.
Thurman, E.M., 1985. In: Organic Geochemistry of Natural Waters. Dr W. Junk
Publishers, Dordrecht.
Timofeyev, M.A., Shatilina, Z.M., Kolesnichenko, A.V., Kolesnichenko, V.V., Stein-
berg, C.E.W., 2006. Speciﬁc antioxidant reactions to oxidative stress promoted
by natural organic matter (NOM) in two amphipod species from Lake Baikal.
Environ. Toxicol. 21, 104–110.
Timofeyev, M.A., Protopopova, M., Pavlichenko, V., Steinberg, C.E.W., 2009. Can
acclimation of amphipods change their antioxidative response? Aquat. Ecol..
10.1007/s10452-008-9217-4.
Vanni, M.J., 1986. Fish predation and zooplankton demography: indirect effects.
Ecology 67, 337–354.
Vollmer, C., 1960. Wasserﬂo¨he, 3rd ed. A. Ziemsen Verlag, Wittenberg, Lutherstadt.
Wacker, A., Martin-Creuzburg, D., 2007. Allocation of essential lipids in Daphnia
magna during exposure to poor food quality. Function. Ecol. 21, 738–747.
Wetzel, R.G., 2001. Limnology, Lake and River Ecosystems 3rd ed. Academic Press,
San Diego, CA.
Yoshinaga, T., Kaneko, G., Kinoshita, S., Furukawa, S., Tsukamoto, K., Watabe, S.,
2005. Insulin-like growth factor signaling pathway involved in regulating
longevity of rotifers. Hydrobiologia 546, 347–352.
